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Abstract

In this study, we examine the variations in rare earth elements (REE) from the Lower Kittanning coal bed of eastern Ohio

and western Pennsylvania, USA, in an attempt to understand the factors that control mineral matter deposition and modification

in coal, and to evaluate possible REE mixed exposure hazards facing underground mine workers. The results of this study

suggest that the Lower Kittanning coal mineral matter is derived primarily from a clastic source similar to that of the shale

overburden. While highly charged cations like silicon, aluminum, and titanium remained relatively immobile within the coal

mineral matter, iron (primarily as pyrite) was added from nonclastic sources, either during deposition of the coal mire vegetation

or subsequent to burial. Other mobile cations (e.g., alkali and alkaline earth elements) appear to have been added to and/or

leached from the originally deposited clastic mineral matter. Most of the sulfur in the Lower Kittanning coal bed is bound as

FeS2 in the mineral matter, but a majority of samples contain a small excess of S that is most likely organically bound.

In general, the total rare earth element content (TREE) in coal ash is greater than that in the shale overburden. If the primary

source of mineral matter is the same as that for the overlying shale, then REE must have been enriched in the coal mineral

matter subsequent to deposition. The total rare earth element content of Lower Kittanning coals correlates strongly with Si

concentration ([TREE]c 0.0024 [Si]), which provides a threshold for evaluating possible mixed exposure health effects.

Chondrite-normalized REE patterns reveal a shale-like light rare earth element (LREE) enrichment for the coal, similar to that of

the shale overburden, again suggesting a primarily clastic REE source. However, when normalized to the shale overburden,

most of the coal ash samples display a small but distinct heavy rare earth element (HREE) enrichment. We surmise that the

HREE were added and/or preferentially retained during epigenesis, possibly associated with groundwater flow through the coal

unit, but not necessarily in close association with the addition of iron. At least some of the ‘‘excess’’ HREE could be organically

bound within the Lower Kittanning coal.
D 2003 Elsevier Science B.V. All rights reserved.
Keywords: Coal; Geochemistry; Trace elements; Rare earth elements; Lower Kittanning
0166-5162/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0166-5162(03)00038-7

* Corresponding author. National Institute for Occupational Safety and Health, Pittsburgh Research Laboratory, P.O. Box 18070, Pittsburgh,

PA 15236, USA. Tel.: +1-412-386-6521; fax: +1-412-386-6891.

E-mail addresses: zia6@cdc.gov (S.J. Schatzel), bstewart@pitt.edu (B.W. Stewart).



S.J. Schatzel, B.W. Stewart / International Journal of Coal Geology 54 (2003) 223–251224
1. Introduction

The amount and type of noncombustible mineral

matter in coal can have profound effects on the

economic viability of a coal bed, and on potential

health effects from mining and burning of the coal.

The origin of coal mineral matter is poorly under-

stood, although it is thought that depositional (synge-

netic) processes (e.g., input of clastic sediments) and

postdepositional (epigenetic) processes (e.g., ground-

water transport of elements through the peat/coal bed)

are important factors (Cecil et al., 1978; Finkelman,

1982; Stach et al., 1982). The use of rare earth

elements (REE) in studies of clastic sediment prove-

nance is well established (Nance and Taylor, 1976;

McLennan, 1989; Bock et al., 1994), and REE have

been used as tracers for seawater, groundwater, and

fluid flow processes during diagenesis (Elderfield and

Greaves, 1982; Elderfield et al., 1990; Byrne and

Kim, 1990; Bau and Möller, 1993; Sholkovitz,

1993; Nath et al., 1997; Johannesson et al., 1999).

Therefore, the potential exists for using the REE as

tracers to understand both the source and the epige-

netic modification of coal mineral matter. Here we

examine the variations in REE from a single unit, the

Lower Kittanning coal bed of eastern Ohio and west-

ern Pennsylvania, USA, in an attempt to understand

the factors that control mineral matter deposition and

modification in coal. In particular, we seek to address

the following questions: (1) What can the REE tell us

about the primary source(s) of mineral matter in coal?

(2) What is the relationship of coal mineral matter to

overlying and underlying sedimentary units? (3) To

what extent is the REE content of a coal unit constant,

both along strike and at different stratigraphic posi-

tions? (4) How do the REE covary with other geo-

chemical parameters in coal, and what does this tell us

about the origin and modification of coal mineral

matter?

An additional factor motivating this investigation is

concern over the possible negative occupational

health aspects of rare earth elements, particularly to

coal mine workers. While medical data suggest poten-

tial health problems related to worker exposures in

high-REE environments, there is a lack of under-

standing regarding how REE exposures affect the

human body, and few exposure data indicating con-

centration levels of REE in mining and related indus-
trial environments (Sulotto et al., 1986; McDonald et

al., 1995; Pairon et al., 1995; Hirano and Suzuki,

1996). In underground mines, limitations in airflow

can lead to relatively high concentrations of dust. The

possibility exists for mixed exposure of REE with

other known hazardous particles to worsen mining

dust-related illnesses (e.g., coal workers pneumoco-

niosis, silicosis). In this study, we seek to understand

(1) to what extent total rare earth element content can

vary within a coal seam; (2) correlations of REE

content with other potential sources of health prob-

lems; and (3) factors that can be used to predict the

occurrence of rare earth element exposure during coal

mining operations.
2. Background

2.1. Rare earth elements in coal

The rare earth elements (REE), defined as elements

with atomic number 57 (La) through 71 (Lu), are

present at the parts per million (ppm) level in most

rocks, and have long been used in petrogenetic studies

of igneous rocks (see Hanson, 1980, for a review). All

of the rare earth elements readily form 3+ ions under

earth surface conditions; in addition, Ce4 + can be

stable in an oxidizing, low-temperature environment,

and Eu2 + is stable under certain reducing conditions

at high (magmatic) temperatures. This constancy in

valence state, when combined with the systematic

decrease in ionic radius with increasing atomic num-

ber, makes the REE a coherent group of trace ele-

ments for tracking petrogenetic sources and processes.

The high charge/radius ratio of the REE means that

these elements are relatively immobile during weath-

ering, erosion and deposition at the Earth’s surface,

and thus can be useful for tracking clastic sediment

sources.

Rare earth elements in coal appear to consist of a

primary fraction which is associated with syngenetic

mineral matter (Finkelman, 1982; Palmer et al., 1990).

Another portion of the REE can be externally derived

or mobilized when primary mineral matter is

destroyed or modified, and may be retained in the

coal bed but redistributed and incorporated into other

mineral components (authigenic minerals). There still

exists some disagreement about the proportion of
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primary and redistributed or authigenic REE in coal

(Finkelman, 1982; McLennan, 1989; Mariano, 1989;

Ruppert et al., 1993). Although REE are not consid-

ered to be highly mobile in low-temperature environ-

ments, some researchers have suggested possible

mechanisms for mobilizing REE in coal (Eskenazy,

1987, 1999).

The most common mineral groups in coal seams

are the aluminosilicates and quartz, sulfur compounds,

and carbonates (Stach et al., 1982). It has been

suggested that the rare earth elements are associated

primarily with fine-grained phosphates (Finkelman,

1982; Willett et al., 2000). However, the REE could

also be bound to the surfaces of clay minerals, and

may be retained in highly resistant REE-rich trace

minerals such as zircon. Although little work has been

done on REE in sulfides, pyrite and marcasite could

contribute significantly to the overall REE budget

(e.g., Yang and Zhou, 2001; Worrall and Pearson,

2001; Zhang et al., 2002). Rare earth element con-

centrations are generally low in calcium carbonates

(Zhong and Mucci, 1995; Sholkovitz and Shen, 1995;

Vance and Burton, 1999), but few or no REE data

exist on siderite (FeCO3), which is present in the

Lower Kittanning coal bed. Selective leaching and

particle segregation studies of coals suggest that a

portion of the REE may be associated with the organic

fraction of coal (Palmer et al., 1990; Willett et al.,

2000).

2.2. Potential health problems attributed with REE

exposures

Many of the potential occupational health related

problems associated with REE exposures appear to be

related to pneumoconiosis. Evidence of REE respira-

ble particulates have been found in human lung tissue

from patients suffering from this disease (Sulotto et

al., 1986; Ruettner et al., 1990; McDonald et al.,

1995; Pairon et al., 1995). In each of these cases,

the human lung damage was attributed by the

researchers to the presence of the respirable REE

mineral matter.

The toxicity of REE decreases as atomic number

increases, apparently due to greater stability of the

heavy rare earth elements (HREE) (Haley, 1991). The

toxicity of REE-bearing compounds can also vary

widely dependant upon their specific chemical com-
position (Mogilevskaya and Raikhlin, 1963; Shalgo-

nova, 1967), the most common forms being oxides,

chlorides, and fluorides. The substitution of REE for

calcium occurs in both geological and biological

environments due to the size similarity of their atomic

radii. In human bodies, the significant role of Ca in

cellular activity may be affected by the presence of

REE and the subsequent modification of cellular

interactions (Palasz and Czekaj, 2000). Biological

response data from the introduction of REE to living

laboratory animals have documented lung tissue dam-

age (Mezentseva et al., 1964; Haley, 1991; Shimada et

al., 1996). Other possible negative health effects of

REE exposures on animal subjects and humans have

been reported (Das et al., 1988; Jha and Singh, 1995;

Nakamura et al., 1997; Zhu et al., 1997).

Recommended worker exposure limits have been

established for the REE based on yttrium (Y) com-

pounds, which behave similarly to the REE. The

American Conference of Government Industrial

Hygienists (ACGIH) has recommended a threshold

limit value (TLV) for Y of 1 mg m� 3 (time

weighted average). There are no data from the

mining sector on levels of REE worker exposures,

although exposure levels have been reported for

plant workers in processing/industrial settings (Sin-

gal and Tharr, 1980; Hales and Burr, 1989; Deng et

al., 1991).

The National Institute of Occupational Safety and

Health has defined mixed exposures as worker expo-

sure to multiple agents in the form of mixtures or as

simultaneous but separate exposure modes. Quartz

dust in the coal mine environment presents a sig-

nificant hazard to underground coal mine workers.

Research on mining-related silicosis suffered by

underground workers has suggested that the amount

of quartz matter in a mined seam is not related

directly to the mineral composition of the respirable

dust fraction produced during mining (Hicks and

Nagelschmidt, 1943; Dodgson et al., 1971). Other

studies have suggested that the severity of silicosis

suffered by mine workers correlates with the rank of

the coal (Dodgson et al., 1971) and the composition

of the respirable quartz grains which sometimes

contained clay coatings (Wallace et al., 1994; Harri-

son et al., 1997).

Rare earth elements are lithophilic and are often

physically associated with clay minerals in coal (Fin-
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kelman, 1982; Palmer et al., 1990; Willett et al., 2000).

Although the concentrations of REE in most bitumi-

nous coals are on the order of tens of ppm on a whole

coal basis, the limited space work environment and

physical limitations on fresh air movement generally

restrict dilution of airborne dusts. Additional contribu-

tions to the REE concentrations in coal mine dust can
Fig. 1. Generalized Pennsylvanian stratigraphy in the northern Appa
be produced from tonsteins. Tonsteins are quite com-

mon in US coal beds and they often have high REE

concentrations (in some cases >1000 ppm on an ash

basis; Hower et al., 1999; Zhou et al., 2000). It is

postulated that REE in dust produced during under-

ground coal mining could constitute a mixed exposure

hazard in combination with respirable quartz particles.
lachian basin (modified from Puglio and Iannacchione, 1979).



Fig. 2. Map of Lower Kittanning coal bed study sites (indicated by stars) and depositional environment of the shale overburden in western

Pennsylvania with county boundaries shown (modified from Rimmer and Davis, 1986).
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Table 1

Site locations and sample characteristics

Sample site/locationa Sample name Sample type Sampling interval (cm)b

Top Bottom

Clearfield, Pennsylvania ocfd00000165 shale overburden � 16.5 0.0

41j03.92VN, 078j24.54VW ccfd00000070 coal 0.0 7.0

ccfd00007015 coal 7.0 15.0

ccfd00015021 coal 15.0 21.0

ccfd00210290 coal 21.0 29.0

ccfd00290360 coal 29.0 36.0

ccfd00360500 coal 36.0 50.0

ucfd00530640 underclay 53.0 64.0

Enon Valley, Pennsylvania oevy00000200 shale overburden � 20.0 0.0

40j53.96VN, 080j28.29VW cevy00000140 coal 0.0 14.0

cevy00253351 coal 25.3 35.1

cevy00351451 coal 35.1 45.1

cevy04510549 coal 45.1 54.9

cevy00549730 coal 54.9 73.0

uevy00730870 underclay 73.0 87.0

uevy02670000 underclay 267.0 n.d.c

Homer City, Pennsylvania ohcy00000185 shale overburden � 29.5 � 11.0

40j29.85VN, 079j08.85VW chcy00000110 shale overburdend � 11.0 0.0

chcy00110162 coal 0.0 5.2

chcy01620285 coal 5.2 17.5

chcy02850530 coal 17.5 42.0

chcy00535970 coal 42.0 48.7

chcy00591690 coal 48.7 58.0

chcy00690840 coal 58.0 73.0

chcy00841115 coal 73.1 100.5

uhcy11151305 underclay 100.5 119.5

uhcy21552355 underclay 204.5 224.5

Ogle, Pennsylvania oogl00000150 shale overburden � 15.0 0.0

40j29.85VN, 079j08.85VW cogl00000100e coal 0.0 10.0

cogl00951050e coal 5.0 15.0

cogl00850950 coal 15.0 25.0

cogl00574840 coal 25.0 52.6

cogl00526602 coal 52.6 60.2

cogl00630900 coal 63.0 90.0

cogl01020110 coal 102.0 110.0

uogl00110124 underclay 110.0 124.0

West Freedom, Pennsylvania owfm00000195 shale overburden � 19.5 0.0

41j05.546VN, 079j37.806VW cwfm00000073 coal 0.0 7.3

cwfm00730142 coal 7.3 14.2

cwfm00142246 coal 14.2 24.6

cwfm00246320 coal 24.6 32.0

cwfm00427560 coal 42.7 56.0

cwfm00560780 coal 56.0 78.0

uwfm00780820 underclay 78.0 82.0

a GPS coordinates based on the Word Geodetic System Survey, 1984.
b Given as depth below overburden/coal contact; negative number indicates sample located above contact.
c Bottom of sampling interval not recorded.
d Originally classified as coal; later found to be organic-rich shale.
e Overlapping coal samples taken from two adjacent locations.
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2.3. The Lower Kittanning coal

The Lower Kittanning coal bed is within the Alle-

gheny Group (Fig. 1) of the Northern Appalachian

basin of Pennsylvania, West Virginia, and Ohio. This

coal unit, ranging in thickness from < 0.5 to >1.5 m

(Ashley, 1928), was extensively deep-mined from the

1930s through the 1950s inwestern Pennsylvania. Both

surface and subsurfacemining of the unit are still taking

place. Williams (1960) used fossil assemblages to

identify nonmarine, brackish, andmarine environments

in the shale unit overlying the Lower Kittanning coal

bed (Fig. 2). Busch and Rollins (1984) interpreted the

S.J. Schatzel, B.W. Stewart / Internationa
Fig. 3. Coal lithotypes of all studied sites in the Lower Kittanning coal b

bottom of the coal bed.
stratigraphic variations of the younger Conemaugh

Formation to be a result of rapid transgressive events

over a planar landscape, with sea level stillstands at coal

horizons. This study represented a significant change

from prior interpretations based on autogenic modes of

coal deposition (Ferm, 1970), and used sequence strati-

graphic concepts which were later refined by others to

describe Appalachian Basin coal deposition (Cecil et

al., 1985; Joeckel, 1995; Eble et al., 2002).

The Lower Kittanning coal bed is interpreted to be

Westphalian D in age (Cecil et al., 1985) or about 300

Ma. A transitional period began at the Westphalian C

interval which produced a less wet, less tropical
ed. All sites displayed an increase in bright lithotypes towards the
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environment than had persisted through the Early to

Middle Pennsylvanian Era (Cecil, 1990). The prevail-

ing depositional environment for the Lower Kittan-

ning coal bed is thought to be primarily a broadly

dispersed plain where moisture sources were generally

topogenous (Cecil et al., 1985). Deposition occurred

during a time of increasing seasonality and aridity as
Table 2

Petrographic analysis of coal samples for determination of maceral comp

Field site-

sample no.

Basis of

analysis

Telinite Collinite Vitrin

Clearfield

ccfd00000070 OM only 31.6 55.8 87.4

Whole coal 26.1 46.1 72.3

ccfd00015021 OM only 36.1 46.1 82.2

Whole coal 33.8 43.2 77.0

ccfd00360500 OM only 82.2 10.3 92.5

Whole coal 74.7 9.4 84.0

Enon Valley

cevy00000140 OM only 43.3 40.0 83.3

Whole coal 37.9 35.0 73.0

cevy00351451 OM only 61.7 25.7 87.4

Whole coal 56.7 23.6 80.3

cevy00549730 OM only 67.5 16.8 84.3

Whole coal 60.3 15.0 75.3

Homer City

chcy00000110e OM only 59.2 16.2 75.4

Whole coal 22.1 6.0 28.1

chcy00285530 OM only 23.9 61.5 85.4

Whole coal 21.5 55.2 76.7

chcy00841115 OM only 78.4 13.1 91.5

Whole coal 71.1 11.9 83.0

Ogle

cogl00000100 OM only 38.1 32.3 70.4

Whole coal 34.2 29.0 63.2

cogl00574840 OM only 68.6 24.3 92.9

Whole coal 66.4 23.5 89.9

cogl01020110 OM only 66.5 27.0 93.5

Whole coal 39.6 16.1 55.7

West Freedom

cwfm00000073 OM only 29.0 40.8 69.8

Whole coal 22.8 32.1 55.0

cwfm00142246 OM only 46.8 40.4 87.2

Whole coal 44.1 38.1 82.2

cwfm00560780 OM only 81.2 11.6 92.8

Whole coal 74.2 10.6 84.9

a Volumetric determination.
b Sum of vitrinite maceral components.
c Parr formula calculation for total mineral matter content.
d Measurements in oil, error given of one standard deviation.
e Carbonaceous shale.
the Appalachian Basin moved away from the equato-

rial position it occupied prior to about Westphalian C

time (Cecil, 1990). The resulting planar mire config-

urations are classified as having high plant diversity

but little species zonation. The Lower Kittanning flora

appear to have consisted of lycopods and tree ferns

(gymnosperms).
ostion, rank, and overall mineral contenta

iteb Fusinite Semi-fusinite Micrinite Macrinite

4.2 7.0 1.4 0.0

3.5 5.8 1.2 0.0

4.1 9.8 2.6 0.0

3.8 9.2 2.4 0.0

2.6 4.1 0.6 0.0

2.4 3.7 0.5 0.0

1.8 1.9 0.9 0.0

1.6 1.7 0.8 0.0

2.5 2.5 1.3 0.1

2.3 2.3 1.2 0.1

6.2 2.6 1.0 0.0

5.5 2.3 0.9 0.0

13.8 9.6 0.0 0.0

5.1 3.6 0.0 0.0

3.3 5.4 3.7 0.0

3.0 4.8 3.3 0.0

5.0 1.8 0.9 t

4.5 1.6 0.8 0.0

6.4 21.4 1.6 0.0

5.7 19.2 1.4 0.0

2.0 4.0 1.0 0.1

1.9 3.9 1.0 0.1

3.2 3.0 0.1 0.0

1.9 1.8 0.1 0.0

7.1 10.4 0.9 0.1

5.6 8.2 0.7 0.1

1.0 0.6 1.0 0.0

0.9 0.6 0.9 0.0

1.1 0.7 0.0 0.1

1.0 0.6 0.0 0.1
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3. Methods

3.1. Study sites

The study sites are active Pennsylvania mines

located in or near the cities of Clearfield, Enon Valley,

Homer City, Ogle, and West Freedom (Fig. 2). The
Inerto-detrinite Sporinite Cutinite Resinite Lipto-det

0.0 0.0 0.0 0.2 0.0

0.0 0.0 0.0 0.2 0.0

0.2 0.1 0.0 0.0 0.0

0.2 0.1 0.0 0.0 0.0

0.0 0.1 0.0 0.0 0.1

0.0 0.1 0.0 0.0 0.1

0.0 11.2 0.1 0.3 0.0

0.0 9.8 0.1 0.3 0.0

0.3 2.8 0.4 1.7 0.0

0.3 2.6 0.4 1.6 0.0

0.6 3.2 1.1 0.9 0.1

0.5 2.9 1.0 0.8 0.1

1.2 0.0 0.0 0.0 0.0

0.4 0.0 0.0 0.0 0.0

0.5 0.2 0.2 0.3 0.0

0.4 0.2 0.2 0.3 0.0

0.2 0.3 0.3 t 0.0

0.2 0.3 0.3 0.0 0.0

0.2 0.0 0.0 0.0 0.0

0.2 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 0.0

0.2 0.0 0.0 0.0 0.0

0.1 0.0 0.0 0.0 0.0

0.9 10.2 0.2 0.4 0.0

0.7 8.0 0.2 0.3 0.0

0.0 9.2 0.3 0.6 0.1

0.0 8.7 0.3 0.6 0.1

0.2 2.2 0.5 2.4 0.0

0.2 2.0 0.5 2.2 0.0
sites were chosen to represent coals with overburdens

interpreted to be of various depositional environ-

ments, from fresh water to marine (Rimmer and

Davis, 1986). Rooted (paleosol) underclays were

present at the Enon Valley and Homer City sites.

The Clearfield site is an active surface coal mine in

which only the Lower Kittanning coal bed is being
rinite Alginite MM

(%)c
Rmax (%)d Rrandom (%)d

0.0 1.09F 0.05 1.02F 0.05

0.0 17.3

0.0 1.25F 0.03 1.18F 0.04

0.0 6.3

0.0 1.25F 0.04 1.19F 0.04

0.0 9.2

0.0 0.78F 0.04 0.73F 0.04

0.0 12.4

0.0 0.82F 0.04 0.77F 0.05

0.0 8.1

0.0 0.88F 0.03 0.82F 0.03

0.0 10.7

0.0 1.03F 0.03 0.97F 0.04

0.0 62.7

0.0 1.15F 0.03 1.10F 0.03

0.0 10.2

0.0 1.15F 0.05 1.11F 0.05

0.0 9.3

0.0 1.58F 0.05 1.48F 0.07

0.0 10.2

0.0 1.66F 0.06 1.51F 0.08

0.0 3.2

0.0 1.49F 0.06 1.30F 0.06

0.0 40.5

0.0 0.86F 0.04 0.81F 0.04

0.0 21.2

0.0 0.81F 0.04 0.76F 0.03

0.0 5.8

0.0 0.91F 0.03 0.84F 0.05

0.0 8.6
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removed. The coal face and overburden were widely

accessible for this study but the underclay was not

visible. No evidence of prior surface or deep mining

was apparent.

The Enon Valley site is an active surface coal and

clay mine. The mine operator is removing the Lower

Kittanning coal bed, the underlying clay unit, the

Vanport Limestone, and the Upper Clarion coal bed

(Fig. 1). The coal face was widely accessible for the
Table 3

Coal proximate and ultimate analysis summary, dry basis

Sample no. Ash

(%)

Volatile

matter

(%)

Fixed

carbon

(%)

C

(%)

H

(%)

N

(%)

S

(%

Clearfield

ccfd00000070 20.4 22.2 57.4 65.8 3.9 1.0 5.

ccfd00007015 14.7 23.6 61.8 73.7 4.2 1.1 3.

ccfd00015021 5.7 25.3 69.0 83.1 4.4 1.4 2.

ccfd00210290 9.8 24.9 65.3 76.3 4.4 1.2 6.

ccfd00290360 8.7 24.9 66.5 78.7 4.5 1.2 4.

ccfd00360500 8.3 26.0 65.8 78.7 4.5 1.2 4.

Enon Valley

cevy00000140 11.4 37.4 51.3 71.5 5.0 1.5 2.

cevy00253351 13.3 34.2 52.6 68.5 4.4 1.4 1.

cevy00351451 7.3 34.8 57.8 75.4 4.8 1.6 2.

cevy04510549 ndd ndd ndd 78.4 5.0 1.6 1.

cevy00549730 9.8 33.9 56.3 71.4 4.5 1.5 2.

Homer City

chcy00000110 57.9 14.9 27.2 30.9 2.4 0.4 3.

chcy00110162 23.6 21.5 54.9 65.1 4.0 1.0 1.

chcy01620285 7.9 24.0 68.1 79.4 4.5 1.1 3.

chcy02850530 9.3 24.8 65.9 79.4 4.3 1.3 2.

chcy00535970 9.7 25.9 64.4 75.6 4.5 1.2 7.

chcy00591690 4.1 26.9 69.0 84.0 4.9 1.2 1.

chcy00690840 7.5 26.3 66.2 79.5 4.6 1.2 4.

chcy00841115 8.4 27.1 64.5 79.5 4.6 1.3 2.

Ogle

cogl00000100 9.5 18.0 72.6 80.5 4.2 1.4 0.

cogl00951050 ndd ndd ndd 83.4 4.2 1.4 0.

cogl00850950 4.4 18.4 77.3 85.7 4.3 1.3 0.

cogl00574840 3.0 18.7 78.4 87.8 4.1 1.4 0.

cogl00526602 4.8 18.2 77.0 85.5 4.3 1.2 0.

cogl00630900 5.0 24.4 70.7 86.0 4.4 1.2 0.

cogl01020110 37.1 17.4 45.6 47.7 2.9 0.6 8.

West Freedom

cwfm00000073 19.6 31.6 48.9 67.3 4.2 1.3 2.

cwfm00142246 5.3 41.7 53.0 80.7 5.1 1.5 1.

cwfm00560780 7.9 34.3 57.9 77.8 4.9 1.5 1.

a Total sulfur.
b Oxygen determination by difference.
c Mineral matter-ash free.
d nd = not determined.
duration of all site activities and good access was

attained to the overburden and underclay units. All of

the mined units at the Enon Valley site were intact

with no evidence of prior mining.

The Homer City site is a drift underground coal

mine. All sampling activity was conducted in a pit

which was dug to allow drift access to the Lower

Kittanning coal bed. Access to the coal face, the

overburden, and the underclay was available. Prior
)a
O

(%)b
Calorific

value

(Btu/lb)

Calorific

value

(MJ/kg)

Calorific

value MAFc

(Btu/lb)

Calorific

value MAFc

(MJ/kg)

9 3.0 12,000 27.9 15,000 34.9

0 3.3 13,200 30.7 15,400 35.8

1 3.2 14,700 34.2 15,600 36.3

3 2.1 13,800 32.1 15,300 35.6

7 2.3 14,000 32.6 15,400 35.8

2 3.3 14,200 33.0 15,500 36.1

8 7.9 12,900 30.0 14,500 33.7

6 10.9 12,300 28.6 14,200 33.0

9 8.0 13,600 31.6 14,700 34.2

5 7.8 ndd ndd ndd ndd

1 10.7 13,200 30.7 14,700 34.2

5 4.9 5,500 12.8 13,100 30.5

5 4.8 11,500 26.7 15,100 35.1

7 3.6 14,100 32.8 15,300 35.6

3 3.4 14,100 32.8 15,500 36.1

0 2.0 13,700 31.9 15,200 35.4

7 4.1 14,900 34.7 15,600 36.3

3 2.9 14,300 33.3 15,400 35.8

9 3.3 14,200 33.0 15,500 36.1

5 4.0 13,900 32.3 15,400 35.8

5 4.1 ndd ndd ndd ndd

5 3.8 14,800 34.4 15,400 35.8

6 3.1 15,100 35.1 15,600 36.3

5 3.7 14,800 34.4 15,600 36.3

6 2.9 14,900 34.7 15,700 36.5

3 3.5 8,700 20.2 13,800 32.1

3 5.4 12,000 27.9 14,900 34.7

8 5.6 14,300 33.3 15,100 35.1

4 6.6 13,800 32.1 15,000 34.9
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deep mining of the Lower Kittanning did occur in the

area but no evidence of this activity was visible in the

rock units.

The Ogle site is located at a large surface coal

operation that typically mines five coal beds: the

Middle Kittanning, Lower Kittanning, Upper Clarion,

Lower Clarion, and Brookville coal beds (Fig. 1). The

Lower Kittanning was previously underground mined

at the site and is generally present only as the

remaining coal pillars. Access to the Lower Kittan-

ning coal bed and overburden was good but the

underlying clay was not widely visible. The total

channel sample had to be integrated from three

independent channels (none containing the complete

Lower Kittanning thickness) and some error in total

thickness may be present in the two topmost coal

sample intervals.

The West Freedom site is a large operating surface

coal mine in which only the Lower Kittanning coal

bed is being removed. Access to the face was gen-

erally good for the coal bed and the overlying shale

but the underlying clay was not widely visible. Rapid

mine advance rates and variable weather conditions

limited the duration of access to the face at the

highwall.
Fig. 4. Total sulfur and ash contents of all Lower Kittanning coal bed site

height. The Ogle site was overlain by fresh-water shale and showed consi

Kittanning Coal bed. In general, no correlation appears to exist between t
3.2. Coal and rock description and sampling proce-

dure

The field description of exposed coal faces was

done in accordance with the method of Schopf

(1960), and coal lithotypes were described following

the techniques of Papp et al. (1998). The Schopf

(1960) method was modified in that described lith-

otypes were not followed laterally on the sampled

faces. In this study, describing variation in the coal

composition at each site was considered a higher

priority.

Sample parameters and locations are given in Table

1. The coordinates of each site were determined with a

global positioning system (GPS). A relatively flat and

complete section of Lower Kittanning coal was

selected and the exposed coal on the face was

removed to depth of at least 2.5 cm. Using a handheld

rock saw, two vertical slots spaced about 10 to 15 cm

apart were cut in the coal, the underlying clay and the

shale overburden to form the channel. The section was

then measured and the coal lithotypes described. After

description was complete, the sample sizes and breaks

were configured to ensure a high degree of homoge-

neity of the coal lithotypes in each sample of the
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s from proximate and ultimate analysis, plotted against stratigraphic

stently low sulfur and ash contents in the main bench of the Lower

otal sulfur and ash contents in the sample suite.



Table 4

Cation concentrations in overburden shale, underclay, and coal asha

Sample no. Ash

(%)b
Si

(mg g� 1)

Al

(mg g� 1)

Fe

(mg g� 1)

Ti

(mg g� 1)

Ca

(mg g� 1)

Mg

(mg g� 1)

Sr

(mg g� 1)

Na

(mg g� 1)

K

(mg g� 1)

P

(mg g� 1)

Clearfield

ocfd00000165 n/a 240 110 54 3.3 1.6 8.7 0.3 1.5 31 0.7

ccfd00000070 21.0 180 89 210 9.2 5.1 2.5 1.9 0.6 9.3 2.9

ccfd00007015 14.9 250 96 150 3.0 8.2 1.8 0.8 0.7 6.0 0.5

ccfd00015021 5.9 150 130 230 3.2 22.0 2.4 0.9 0.4 1.6 0.6

ccfd00210290 6.6 78 61 250 2.4 8.0 1.2 0.3 0.8 3.6 0.3

ccfd00290360 8.9 86 70 390 1.8 12 1.6 0.5 0.7 3.4 0.4

ccfd00360500 8.6 107 83 340 3.3 11 1.7 0.4 1.1 4.9 0.4

ucfd00530640 n/a 300 120 180 4.4 0.8 6.0 0.1 1.5 26 0.4

Enon Valley

oevy00000200 n/a 230 110 38 3.7 1.6 9.3 0.2 1.5 28 0.6

cevy00000140 11.8 200 120 180 5.0 3.3 4.3 0.4 1.2 17 0.6

cevy00253351 16.5 280 120 63 14 8.8 2.0 3.5 1.2 9.2 7.9

cevy00351451 7.4 140 120 290 3.7 9.3 1.2 0.3 1.3 2.5 2.1

cevy04510549 6.0 180 130 150 3.2 7.2 2.7 0.4 1.9 6.1 0.9

cevy00549730 10.4 190 120 140 5.4 4.3 2.8 0.2 1.6 10 0.8

uevy00730870 n/a 250 130 11 10 2.0 2.9 0.2 0.7 12 0.3

uevy02670000 n/a 260 140 11 7.0 2.1 2.9 0.1 0.8 11 0.4

Homer City

ohcy00000185 n/a 140 50 150 3.0 1.4 3.3 0.0 0.8 14 0.5

chcy00000110 57.5 240 120 57 8.0 1.4 6.4 0.1 1.2 23 0.3

chcy00110162 24.2 240 140 40 7.2 3.9 3.7 1.3 0.9 13 1.7

chcy01620285 8.1 130 100 300 2.9 11 1.8 1.4 1.3 2.0 1.5

chcy02850530 7.4 190 120 140 10.1 13 1.7 0.6 1.3 1.6 0.4

chcy00535970 10.1 49 50 510 0.8 9.1 1.0 0.4 0.9 0.4 0.3

chcy00591690 4.4 150 130 170 3.2 21 3.2 0.9 8.7 4.7 0.5

chcy00690840 7.0 90 77 380 2.4 12 1.9 0.5 1.4 3.6 0.4

chcy00841115 8.7 130 44 67 2.3 3.4 1.1 0.2 0.6 4.6 0.2

uhcy11151305 n/a 250 130 19 5.8 0.7 2.8 0.2 1.1 16 0.4

uhcy21552355 n/a 260 78 60 5.1 0.8 3.8 0.1 0.9 19 0.1

Ogle

oogl00000150 n/a 300 74 9.2 5.4 0.3 3.6 0.0 1.1 20 0.0

cogl00000100 9.5 230 100 130 7.0 6.4 2.8 0.2 0.8 9.7 1.0

cogl00951050 6.5 190 160 85 8.0 9.2 1.8 0.4 0.4 2.7 0.9

cogl00850950 4.6 180 170 57 2.0 13 2.0 0.6 5.8 0.9 0.7

cogl00574840 3.4 160 160 42 3.9 19 3.0 0.9 6.3 3.6 0.8

cogl00526602 4.7 230 200 34 10 14 3.7 0.7 2.3 15 0.8

cogl00630900 6.7 180 140 14 7.2 11 3.2 0.6 1.4 15 0.6

cogl01020110 36.9 190 110 160 9.7 1.4 1.4 0.5 0.7 7.6 0.6

uogl00110124 n/a 240 130 27 9.6 0.7 2.0 0.3 0.8 9.1 0.5

West Freedom

cwfm00000073 20.8 230 120 89 6.2 2.2 7.1 0.2 1.6 24 0.5

cwfm00730142 11.6 210 120 94 5.5 5.1 6.4 0.3 1.7 22 0.5

cwfm00142246 5.8 168 110 180 5.6 15 4.1 0.7 2.2 10 0.4

cwfm00427560 5.7 200 170 69 4.7 14 2.2 3.0 1.1 7.3 5.2

cwfm00560780 8.0 210 150 89 7.9 7.4 9.3 0.5 25 14 0.9

uwfm00780820 n/a 230 130 11 7.6 6.0 4.3 0.5 1.1 18 2.4

a Determined by ICP-AES at the University of Pittsburgh.
b Ash values only reported for coal samples and for organic-rich shale from Homer City, sample chcy00000110.
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Lower Kittanning coal. Samples were then removed

with the aid of hand tools, placed in plastic sample

bags, labeled and returned to the National Institute for

Occupational Safety and Health, Pittsburgh Research

Laboratory (NIOSH/PRL) for sample processing. All

samples were completely crushed in a tungsten car-

bide shatterbox, and divided into aliquots for major

cation analysis, rare earth element analysis, and prox-

imate/ultimate analysis using a riffle splitter.

3.3. Proximate and ultimate analysis

Proximate and ultimate analyses were conducted in

accordance with ASTM procedures D-3172-89

(ASTM, 1996a) and D-3176-89 (ASTM, 1996b),

respectively. The analyses were performed by Com-

mercial Testing and Engineering.

3.4. Coal petrography

Coal petrographic samples were prepared in ac-

cordance with the requirements specified in ASTM

procedure D-2797-85 (ASTM, 1996c). Maceral

descriptions include point counts of 1000 points on

two surfaces of the polished coal pellets. Descrip-

tions included the identification of (1) the macerals

telinite and collinite of the vitrinite maceral group;

(2) the macerals sporinite, cutinite, resinite, alginite,

and liptodetrinite of the liptinite maceral group; and

(3) the macerals micinite, macrinite, semifusinite,

fusinite, and inertodetrinite of the inertinite maceral

group. It is recognized that the vitrinite group clas-

sification used in this study is not consistent with the

current International Committee on Coal Petrology

(ICCP, 1995) classification system. It is also recog-

nized that the current ASTM classification standard

2799 (ASTM, 2001) does not contain a vitrinite

group distinction for individual macerals. The anal-

yses were performed under NIOSH contract specifi-

cations by Dr. James Hower of the University of

Kentucky.

3.5. Major and minor element analysis

Analyses of major cations in rock and ashed coal

samples were carried out at the University of Pitts-

burgh using a lithium metaborate-fusion technique

that was developed for this study. Prior to fusion,
coal samples were ashed in covered quartz glass

crucibles at 550 jC in a muffle furnace to convert

organic C to CO2. The sample was cooled and

reweighed prior to fusion to determine the ash con-

tent. In general, there was excellent agreement

between percent ash determined in this step and the

value determined from proximate analysis. This indi-

cates that the samples were split quantitatively, and

that the results of both types of analysis can be

directly compared. The fusion technique is based

largely on other reported methods (Ingamells, 1966,

1970; Boar and Ingram, 1970; Karacki and Corcoran,

1973; Bock, 1979; Brenner et al., 1980; Jarvis, 1990;

Totland et al., 1992). The sample and the alkaline flux

were fused at 1000 jC in a graphite crucible in a

muffle furnace and then dissolved in a beaker con-

taining a 4% solution of HNO3. After the solution was

thoroughly stirred, the sample was filtered and rinsed

into a polypropylene sample container and diluted to a

final concentration of 2% HNO3. The procedure for

the fusion of non-coal samples (overburden and

underclay) was identical except for the omission of

sample ashing prior to fusion.

Major elements in the lithium metaborate fusion

samples were analyzed on a Spectro Modula-EOP

inductively coupled plasma-atomic emission spec-

trometer (ICP-AES). Matrix matching was used on

all calibration standards. A new method was devel-

oped for this research based on existing techniques

used in the geochemistry research group and methods

described by other researchers (Jarvis, 1990; Jarvis

and Jarvis, 1992; Totland et al., 1992). Three repeti-

tions of each analysis were performed and the stat-

istical mean constitutes the reported data. Samples

were analyzed for Si, Fe, Al, K, Ti, Ca, Mg, Na, P, Sr,

and Ba. The range of the analyte concentrations was

based on the USGS Coal Quality Database (Bragg et

al., 1997) and was then modified based on early

sample analyses to more accurately reflect the ele-

mental range of samples included in the data set.

Estimated uncertainty is F 10% of the reported values

for the major cations. Coal standard reference materi-

als NIST 1632b and USGS CLB-1 were dissolved and

measured by the same techniques. The reference

materials and internal standards were analyzed

approximately every 30 min during the analysis of

the Lower Kittanning coal and rock samples to verify

instrument calibration.
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3.6. Rare earth element concentrations

Rare earth element concentrations and the concen-

trations of certain trace elements were determined by

instrumental neutron activation analysis (INAA). Rock

samples were crushed and coal samples were ashed at

the University of Pittsburgh, and splits were sent to

Activation Laboratory (Actlabs) for analysis. Only La,

Ce, Nd, Sm, Eu, Tb, Yb, and Lu were measured, but

these are sufficient to determine REE patterns and total

REE concentrations. At an interval of about every 11

samples, a CANMET MRG-1 standard was co-irradi-

ated with flux wires at a thermal neutron flux of

7� 1012 n cm� 2 s� 1 in the RIFLS site of theMcMaster

University Nuclear Reactor. After 7 days, the samples

were counted on a high purity co-axial GE Detector

with a resolution of better than 1.7 keV for the 1332

keV Co-60 photopeak. Using the flux wire monitors,

the data were corrected for decay and compared to a

calibration developed frommultiple international refer-

ence materials. Selected samples were recounted and

compared to the original in accordance with the labo-
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Fig. 5. Cation concentrations on a whole-coal basis, integrated over the

average data from the lower Kittanning coal seam (dashed line) from the U

that Si, Al and Fe are an order of magnitude higher than any other eleme

pyrite in the coal mineral matter.
ratory’s QA/QC procedure. Estimated reproducibility

is better than F 10% of the measured values except for

terbium (F 20%).

The total rare earth element (TREE) content for

each of the ash and overburden/underclay samples

was calculated by combining the concentrations of

the directly measured REE with concentrations of

REE that were not measured; the latter were deter-

mined by interpolating from the chondrite-normal-

ized patterns of the measured REE. Total REE

concentrations in coal were calculated by dividing

TREE in ash by the fraction of ash in the coal

sample.
4. Results and discussion

4.1. Lower Kittanning coal bed lithotype analysis

Fig. 3 shows the Lower Kittanning coal lithotypes

described for each site. The coal lithotype composi-

tion at all sites is dominated by clarain and vitrain.
entire seam at each sampling site. Also shown for comparison are

SGS COALQUAL database (85 samples; Bragg et al., 1997). Note

nts in the coal; this indicates the dominance of aluminosilicates and
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The clarain compositions are highly variable ranging

from about 15% to about 85% bright banding. At all

sites, the amount of vitrain and bright clarain increases

towards the lower portion of the seam. Most of the

sites show a boney, mineral-rich zone frequently

enriched in durain towards the top of the seam. The

exception is the Clearfield site, where a vitrain band is

present at the correlative position in the coal bed. The

high mineral matter concentrations may be produced

by clastic material associated with the transgressive

flooding surface above the coal that terminated coal

deposition.

The presence of predominantly bright lithotypes at

the bottom of the Lower Kittanning coal and of duller

lithotypes at the top of the coal may suggest a

‘‘retrograde transition’’ in a mire migrating from a

raised or a slightly raised mire to a planar mire.

However, Calder (1993) cautioned against relating

bright coal lithotypes to raised mires without other

supporting evidence. Substantial organic matter com-

positional differences exist between modern and
  

Fig. 6. Comparison of whole-coal concentrations of iron (from ICP-AES)

and S were in the form of pyrite, the points would fall along the ‘‘FeS2 l

possibly organically bound.
ancient peat deposits which complicate analogues

made between modern and ancient mires. Some

researchers have proposed that the occurrence of

duller lithotypes with increased oxidized maceral

contents may not necessarily be indicative of increas-

ing dryness or air infiltration, as some maceral oxida-

tion is the result of diagenesis (Teichmüller, 1989).

Additional evidence is required to support the concept

of a mire in transition (Pierce et al., 1991; Eble and

Grady, 1993).

4.2. Petrography

Table 2 shows the results of the coal petrographic

analyses. Volumetric concentrations of the vitrinite,

inertinite, and liptinite maceral groups are given.

Concentrations for the organic matter components

are reported both for organic matter only and for the

total sample composition. The data indicate a rank

range from high volatile B (Enon Valley) to low

volatile bituminous (Ogle). This rank in the Lower
and sulfur (from ultimate analysis) on a molar basis. If all of the Fe

ine.’’ While Fe and S are well correlated, there is an excess sulfur,
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Kittanning coal bed is consistent with previous obser-

vations (Rimmer and Davis, 1988; Rimmer, 1991).

Petrographic analyses of samples also suggest that the

Lower Kittanning coal bed is compositionally homo-

genous and that the rank variable is the only one that

showed a significant range over the basin. This find-

ing is significant because some of the Lower Kittan-

ning field sites used by Rimmer and Davis (1988) and

Rimmer (1991) were also included in this study.

Rimmer and Davis (1988) attributed variations in

desmocollinite and telocollinite to better preservation

of organic matter towards the center of the basin due

to more rapid burial and increased subsidence rates,

not due to differences in primary organic matter

composition.

In this coal rank range, the liptinite macerals (spor-

inite, cutinite, resinite, liptodetrinite, and alginite) are

better preserved and much more readily observed

during point counts in the low rank samples than in

the higher rank samples. Petrographic data from this

study confirm a diminished liptinite maceral group

content in areas of increased rank in the Lower Kittan-

ning coal bed (Table 2). The gradual alteration of

macerals of the liptinite maceral group over vitrinite

Rmax values of about 0.4% to 1.0% corresponds with

the development of the oil window in coal (Brooks and

Smith, 1967). All evidence of the liptinite macerals is

completely gone in all three petrographic samples from

Ogle, PA, which were determined to have Rmax values

between 1.2% and 1.7%. On this basis, the liptinite

maceral group is confirmed to be unsatisfactory for

depositional environment interpretation in this study.

There is a notable increase in the fusinite and semi-

fusinite macerals (inertinite maceral group) in petro-

graphic samples retrieved from the top of the seam at

some of the sites (Table 2). A portion of the fusinite is

most likely related to the presence of fires in the coal

mire which produce easily transported coal material

(Cope and Chaloner, 1985; Collinson and Scott, 1987;

Teichmüller, 1989; Scott, 1989; Eble and Grady, 1990;

DiMichele and Phillips, 1994; Eble and Hower, 1995;

Greb et al., 1999).
Fig. 7. Cation concentrations in coal ash and underclay normalized to sha

which the ash is normalized to the underclay due to the lack of overburden

closed circles. A value of unity indicates that the coal ash (or underclay)

immobile elements Si, Al and Ti tend to cluster around unity, indicating der

leaching removal. The greatest enrichments tend to be in Fe and Ca, and
4.3. Proximate and ultimate analyses

Data from the proximate and ultimate analyses of

Lower Kittanning coal samples are given in Table 3,

and sulfur and ash variations are shown in Fig. 4. The

wide range of ash and total sulfur values reported for

the sample suite is produced in part by the incremental

sampling strategy used in this study. Sulfur and ash

contents are typically greatest at the top of the coal

bed (Fig. 4), but there is otherwise little correlation

between total mineral matter (ash) content and total

sulfur in the samples. The Ogle site shows relatively

constant sulfur contents over the height of the seam

except for a sample taken from the lower bench below

a siderite-rich shale (see Fig. 3). Ash content of the

same samples ranges from 3% to >9% in the main

bench, and ash content increases significantly in the

sample below the parting. The Clearfield site, located

at the easternmost extent of the sampling range, shows

much higher sulfur contents and quite consistent high

ash contents. The Enon Valley site is the westernmost

location and shows ash contents similar to the Clear-

field site but with much lower sulfur contents.

These data show that coal at the Ogle site, which is

overlain by shale formed in a nonmarine environment

(Williams, 1957, 1960), has the lowest total sulfur

content (averaging about 0.5% for the main bed). At

the West Freedom site where the shale overburden

was deposited in a marine environment, total S con-

tents average about 2.2%. The highest sulfur contents

in the Lower Kittanning coal bed are associated with

the three sites where the overburden was deposited in

brackish water (Homer City, Clearfield and Enon

Valley), which is consistent with the findings of

Rimmer and Davis (1988). The relatively high total

S concentrations in the Lower Kittanning coal bed at

sites overlain by brackish water shale may be a

function of epigenetic pyrite in the coal formed as a

consequence of brackish water sulfate availability,

reducing conditions, and/or the presence of sulfate-

reducing bacteria in the shale depositional environ-

ment.
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le overburden at each site (with the exception of West Freedom, in

data). Coal ash is shown with open squares, and the underclay with

has the same concentration as the shale overburden. The relatively

ivation from similar sources and an absence of significant addition or

depletions in Mg and K.
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The total sulfur content of the Lower Kittanning

coal bed is presumed to be a combination of syngenetic

and epigenetic sulfur, in keeping with the sulfur isotope

findings of Spiker et al. (1994) for the Upper Freeport

coal bed. In eastern US Pennsylvanian-age coal beds,

the majority of pyritic sulfur present can be of epige-

netic origin (Spiker et al., 1994). Sulfur values at the

Ogle site are generally very low compared to those of

the other sites (Fig. 4). This total sulfur behavior could

result from the fresh-water conditions and the lower

sulfate content (compared to brackish and marine

water) during deposition of the overburden. It can also

be seen that the lower bench of the Lower Kittanning

coal at Ogle exhibits different ash and sulfur character-

istics than those of the overlying main seam. This

behavior could result from the isolation of the over-

lying seam from the lower bench. The loss of water

from the shale interbed (Fig. 3) may have introduced

brackish or marine waters to the underlying lower coal

bench, producing a higher sulfur content.

4.4. Major cation analysis of coal and associated rock

units

Elemental concentration data for all coal ash, over-

burden and underclay samples analyzed from each site

are given in Table 4. To a first approximation, the

mass of coal ash produced in our ashing procedure is

equivalent to the amount of mineral matter in the coal.

Loss of sulfur and conversion of cations to oxides

during the procedure probably leads to a small but

systematic difference between the mass of the ash and

that of the original mineral matter, with the latter

slightly higher than the former. We estimate that this

difference is < 10%, which is insignificant compared

to the observed variations in major cations and rare

earth elements. Composite whole-coal concentrations

for all sites (calculated from the % ash values and

sample thickness) are shown in Fig. 5. Overall, con-

centrations of Si, Al, and Fe are at least an order of

magnitude higher than other cation concentrations,

indicating that most of the mineral matter in the

samples is composed of a combination of aluminosi-

licates and pyrite. A significant portion of the quartz

present is thought to be formed authigenically due to

the apparent dissolution of primary quartz mineral

matter (Cecil et al., 1985; Bennett et al., 1988). While

pyrite (noted in macroscopic form at numerous sam-
ple sites) makes up a significant fraction of the

mineral matter, there are clearly additional sulfur

species not bound to Fe. As shown in Fig. 6, concen-

trations of Fe and S in the coal samples are well

correlated (r2 = 0.90), but bulk coal S values generally

fall on the high-S side of the FeS2 line. The quantity

of FeS2 formed in the Lower Kittanning coal appears

to have been iron-limited. This suggests the presence

of organically bound sulfur as an important compo-

nent of Lower Kittanning coal units. In some cases,

the sulfur ‘‘excess’’ may be partially balanced by iron

in the form of siderite, which was also observed at

several sample localities. Iron concentrations are high-

est at the Clearfield site where the overlying shale was

classified as a brackish water unit. All three of the

brackish water overburden sites show elevated Fe

levels in the coal compared to the sites with marine

and fresh-water overburden. Magnesium and sodium

are highest at the West Freedom site, the only location

overlain by marine shales (Fig. 2). These elevated

concentrations could reflect an epigenetic mineraliza-

tion event produced by dewatering of the overburden

units.

To understand the source of the mineral matter in the

Lower Kittanning coal, we compared coal ash cation

concentrations to those in the overburden shale and

underclay. In Fig. 7, ash concentrations are normalized

to concentrations in the shale overburden, as this is

thought to be the best representative of the local clastic

source, and to have undergone a minimum of leaching

in the acidic coal mire environment. Because no shale

overburden data were available for the West Freedom

site, we normalized these data to the underclay. A 1:1

correlation between coal ash and shale overburden

would suggest, but not require, that (1) the mineral

matter is derived from a clastic source similar to that of

the overlying shale, and (2) processes occurring sub-

sequent to deposition did not significantly add or

remove components. In general, relatively immobile,

highly charged cations (Si, Al, Ti) tend to cluster tightly

along the 1:1 line. These elements are thought to be

derived from fluvial or eolian deposition of silicate

material, and would not be expected to be significantly

fractionated by syngenetic or epigenetic processes. In

contrast, both Fe and Ca are highly variable, and

generally enriched in the coal ash relative to the over-

burden shale. This suggests that Fe and Ca were

introduced in part by processes other than clastic dep-
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osition. These could include fixation by vegetation in

the coal mire, and epigenetic transport into the peat or

coal by groundwater. In some cases, elements may have

been leached and removed by groundwaters. For exam-

ple, the most likely source for potassium and magne-

sium is clastic mineral deposition, but these cations

appear to have been leached from the system by post-

depositional processes.

4.5. Variations in total rare earth element concen-

tration

Rare earth element concentrations in coal ash,

overburden shale, and underclay are given in Table

5, along with calculated total rare earth element

(TREE) content. Measurements were made on all

sample sites except Homer City. Coal samples ana-

lyzed from each site were extracted from the top and

bottom of the coal unit and from an intermediate

location. Total rare earth element content for coal
Table 5

Rare earth element concentrations for coal ash and whole rock samplesa

Sample no. Sample type La Ce Nd

(ppm)

Clearfield

ocfd00000165 overburden 55 104 51

ccfd00000070 coal ash 120 231 110

ccfd00007015 coal ash 101 201 81

ccfd00360500 coal ash 27 70 54

ucfd00530640 underclay 51 99 42

Enon Valley

oevy00000200 overburden 60 113 53

cevy00000140 coal ash 65 107 55

cevy00351451 coal ash 28 87 65

cevy00549730 coal ash 43 100 68

uevy00730870 underclay 74 129 58

Ogle

oogl00000150 overburden 50 94 42

cogl00000100 coal ash 55 117 54

cogl00574840 coal ash 134 271 142

cogl01020110 coal ash 64 144 71

uogl00110124 underclay 70 124 55

West Freedom

owfm00000195 overburden 83 150 76

cwfm00000073 coal ash 98 200 102

cwfm00142246 coal ash 44 126 85

cwfm00560780 coal ash 94 272 160

uwfm00780820 underclay 114 250 128

a Concentrations determined by instrumental neutron activation analys
b Total rare earth element (TREE) concentrations determined by interp
ash from each channel sample and the overburden is

shown as a function of stratigraphic height in Fig. 8.

While the shale overburden has relatively constant

TREE concentrations, there is clearly significant var-

iation in coal ash concentrations within and between

each sampling site. In general, TREE in coal ash is

greater than in the shale overburden. If the primary

source of mineral matter is the same as that for the

overlying shale, then REE must have been enriched in

the coal mineral matter subsequent to deposition.

Alternatively, non-REE major cations could have been

selectively leached from the coal mineral matter,

leaving an apparent REE enrichment. However, as

discussed earlier, there is little evidence for significant

removal of major cations (see Fig. 7). The processes

that lead to enrichment of REE in coal mineral matter

clearly do not operate uniformly throughout the seam.

The large variations in TREE with depth (Fig. 8)

suggest the possibility of channelized flow of REE-

bearing fluids during or after coalification.
Sm Eu Tb Yb Lu TREEb

9.2 1.8 1.1 4.2 0.63 260

20 4.4 3.0 14 2.0 590

18 3.8 2.8 13 1.9 497

18 4.5 3.8 15 2.2 276

6.3 1.1 0.9 4.1 0.61 233

9.2 1.6 0.8 3.7 0.55 272

13 2.9 3.0 14 2.1 332

15 3.4 2.1 5.0 0.75 253

18 4.5 3.5 19 2.8 343

10 2.0 1.2 5.2 0.76 319

8.2 1.5 1.0 4.5 0.67 233

15 3.6 3.0 17 2.5 341

25 4.9 3.0 8.7 1.3 676

15 3.1 2.3 9.7 1.4 371

13 3.0 1.5 5.2 0.79 314

13 2.3 1.2 5.0 0.75 374

22 4.3 2.6 11 1.6 517

29 6.4 4.8 15 2.2 415

40 8.8 6.3 22 3.2 757

30 7.2 5.0 7.9 1.0 649

is (INAA).

olating from chondrite-normalized patterns.



Fig. 8. Total rare earth element (TREE) concentrations in coal ash as

a function of stratigraphic height of the channel sample for each

Lower Kittanning sample site. Total rare earth element concen-

trations in coal ash (plotted with depth below coal-shale overburden

contact) are highly variable compared to shale at different sites, and

generally higher than the shale values.

Fig. 9. Total rare earth element (TREE) concentrations on a whole

coal basis compared to ash content and selected whole-coal cation

concentrations. Correlations with ash content (a) and the major

aluminosilicate cations silicon (b) and aluminum (c) are strong,

suggesting a link between TREE and clastic input into the coal-

forming mire. Correlations with iron (d) and phosphorus (e) are

weak, indicating decoupling between these elements and TREE.
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Fig. 10. Chondrite-normalized rare earth element patterns of Lower Kittanning coal ash (circles), shale overburden (closed squares) and

underclay (open squares). The North American Shale Composite (NASC; Gromet et al., 1984) is also shown for comparison. In general, the coal

ash has shalelike patterns, but at levels somewhat elevated over NASC.
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Fig. 11. Chondrite-normalized REE patterns of shale overburden

(OB; closed symbols) and underclay (UC; open symbols) compared

to the North American Shale Composite (NASC). The overburden

samples tend to cluster tightly, while the underclay is more variable.

West Freedom, the only site with marine shale overburden, shows

the highest REE concentrations in general.
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In Fig. 9, the TREE of whole-coal samples (calcu-

lated from the ash fraction for each of the coal

samples) is compared to ash content and various

cation concentrations. There is clearly a correlation

of TREE in coal with percent ash (Fig. 9a), indicating

that the processes that control REE content are

coupled to those that control concentrations of major

cations. It is considered reasonable that the total

mineral matter content of the coal would not produce

a perfect fit to the TREE data because (1) the mineral

matter in coal is not identical nor uniformly distrib-

uted in the sample suite, and (2) the REE in coal

should be preferentially associated certain mineral

forms (e.g., clays and phosphates; Finkelman, 1982;

Palmer et al., 1990; Willett et al., 2000). Of the major

cations, TREE correlate best with Si and Al (Fig. 9b

and c). As discussed previously, these elements appear

to be derived primarily from input of clastic material

into the coal-forming mire; therefore, REE in the

Kittanning coals are likely to have a significant clastic

component. Moreover, the correlation suggests that

the rare earth elements are relatively immobile once

they are deposited in the clastic phase.

The covariation of TREE with percent coal ash and

with Si is robust, and likely to hold for any coals with

significant amounts of mineral matter. Silica is a

known culprit in mining-related illnesses (e.g., silico-

sis), so any mixed exposure enhancement from REE

could be significant. For the Kittanning coal, the

relationship between Si and total rare earth element

content can be approximated as follows:

½TREE�c0:0024½Si�

where both are in the same mass concentration units.

Additional work on other coal units is required to

determine if this relationship holds in general. Most

likely, a linear relationship between TREE and Si will

be maintained in other situations, but the enrichment

factor could vary significantly. The ratio of [TREE]/

[Si] in the overburden shale units tends to be lower

than that of the coals, ranging from 0.0008 to 0.0016.

This suggests that the REE are enriched in coal

mineral matter independently of Si. As discussed

earlier, the effects of this level of REE exposure on

humans are not currently known.

The correlation of TREE with Fe is significantly

weaker than correlations with Si and Al (Fig. 9d).
Deviations of iron content from the apparent clastic

source (Fig. 7) suggest that Fe is introduced (and

possibly removed) by processes other than clastic

deposition. For example, dissolved iron in the coal

mire environment may be ‘‘fixed’’ with sulfur as

pyrite. The processes that introduce Fe do not appear

to strongly affect the REE. Thus, REE do not neces-

sarily constitute a good proxy for Fe in coal-forming

environments, despite their 3+ charge. In addition,

there is a poor correlation of TREE with phosphorus

(Fig. 9e), even though REE are sometimes observed

to be hosted in phosphate minerals (e.g., Palmer et al.,

1990; Hower et al., 1999). This could result from

widely varying REE concentrations in phosphate, or

from the presence of other significant REE host

minerals. No correlations of TREE with the alkali



Fig. 12. Coal ash, underclay and NASC rare earth element concentrations normalized to the shale overburden; symbols are the same as in Fig.

10. Most coal ash samples show a significant enrichment in middle- to heavy-REE compared to the overburden.
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(K, Na) or alkaline earth (Ca, Mg, Sr) elements were

observed; this lack of correlation most likely reflects

the very different mobilities of these elements and

REE in the syn- and postdepositional coal environ-

ments. The primary host mineral for the REE in

Kittanning coal units cannot be uniquely determined

from these data, but the REE were most likely first

introduced as part of the clastic material deposited

into the coal-forming mire.

4.6. Sources and modification of rare earth elements

In Fig. 10, individual REE concentrations are

shown normalized to chondritic values (Anders and

Grevasse, 1989), with the North American Shale

Composite (NASC) (Gromet et al., 1984) for compar-

ison. All sites show light rare earth element (LREE)

enrichment, a slight negative Eu anomaly, and rela-

tively flat heavy rare earth element (HREE) patterns

similar to those of typical shales, but with all concen-

trations elevated with respect to NASC. These pat-

terns suggest a similar, shale-type source for

Kittanning coal mineral matter and surrounding units.

Comparison of just the shale overburden and under-

clay REE patterns (Fig. 11) demonstrates a very tight

clustering of the shale overburden REE. These data

suggest that the overburden shale source was very

similar throughout the Kittanning depositional basin,

and that these units are appropriate for normalization

of geochemical data (cf. Fig. 7). In addition, prelimi-

nary neodymium isotope data (Schatzel and Stewart,

2000) suggest that the overlying shale and coal

mineral matter have similar sources. In contrast, the

underclay units show considerably more variation in

their REE patterns (Fig. 11), possibly reflecting leach-

ing and/or enrichment processes that took place in the

acidic environment of the coal-forming mire. In par-

ticular, the West Freedom underclay shows significant

enrichment in REE. We note that this is the only site

overlain by marine shales. However, more data will be

required to determine whether or not the depositional

environment of overburden causes systematic shifts in

REE patterns and abundances of coal mineral matter

and surrounding units.

In order to obtain a more detailed comparison of

the coal to local sources of clastic material, we

normalized coal ash REE concentrations to those of

the overburden shale (Fig. 12). In general, coal ash
LREE concentrations and patterns are similar to the

overburden shale, while the ash has slightly elevated

(factor of 2–5) middle rare earth (MREE) and HREE

concentrations. Therefore, it appears that the MREE

and HREE are enriched in coal samples by a process

that does not significantly affect the overlying and

underlying shale units. Data from Eskenazy (1999)

suggest that HREE may form complexes with organic

matter in coal, which then increase the stability of the

HREE relative to the LREE. Eskenazy (1999) sug-

gests that HREE are more easily weathered and then

preferentially transported in solution because they

more readily form soluble bicarbonate and organic

complexes compared to LREE. A variety of aqueous

sources including sea water and groundwater have

shown HREE enrichment (Elderfield and Greaves,

1982; Fee et al., 1992). Some enrichment in REE

could also have taken place from root uptake of REE

by vegetation in the mire. However, studies of REE

uptake by plants have shown no preferential enrich-

ment of HREE or LREE relative to the source (Ran

and Liu, 1999; Zhang et al., 2000). The significant

HREE enrichment exhibited by the Kittanning coal

samples in this study suggests that the HREE were

preferentially added to or retained by coal which

already contained REE from a clastic source similar

to that of the overburden shale. This selective enrich-

ment of HREE took place either by deposition from

waters in the original mire, or by epigenetic transport

and deposition of REE in groundwaters. The trans-

ported REE were incorporated into new or existing

minerals, or were organically bound within the coal

(e.g., Palmer et al., 1990; Eskenazy, 1999; Willett et

al., 2000). As with the shale overburden and under-

clay, the REE patterns and overall REE concentrations

in coal ash do not appear to be systematically related

to depositional environment of the overburden.
5. Summary and conclusions

We carried out a petrographic, major element and

rare earth element study of the Lower Kittanning coal

bed mineral matter collected from sites with a variety

of overburden depositional environments. The coal

unit is thought to be compositionally homogeneous,

although our petrographic study confirms a rank

change from high volatile B to low volatile bitumi-
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nous across the basin. The results of this study suggest

that the Lower Kittanning coal mineral matter is

derived primarily from a clastic source similar to that

of the shale overburden. While highly charged cations

like silicon, aluminum, and titanium remained rela-

tively immobile within the coal mineral matter, iron

(primarily in pyrite) was added from nonclastic sour-

ces, either during deposition of the coal-mire vegeta-

tion or epigenetically. Other mobile cations (e.g.,

alkali and alkaline earth elements) appear to have

been added to and/or leached from the originally

deposited clastic mineral matter. Most of the sulfur

in the Lower Kittanning coal bed is bound as FeS2 in

the mineral matter, but a majority of samples contain a

small excess of S that is most likely organically

bound. Concentrations of rare earth elements (REE)

in coal ash vary significantly (i.e., sometimes more

than a factor of two) with stratigraphic height in the

coal seam, even from samples at a single site. The

total rare earth element (TREE) concentrations of all

ash samples from the Lower Kittanning coal bed

range from f 250 to f 750 ppm. A strong correla-

tion of TREE with mineral matter content suggests

that a significant portion of the REE are associated

with the mineral matter, as suggested by earlier

studies (e.g., Palmer et al., 1990). Similar correlations

of TREE with Si and Al confirm the link of REE to a

clastic mineral component. However, Lower Kittan-

ning coal ash samples almost invariably have higher

TREE concentrations than the shale overburden, indi-

cating addition of REE by other processes.

Chondrite-normalized REE patterns show that the

coal ash has a shale-like light rare earth element

(LREE) enrichment similar to that of the shale over-

burden and NASC, again suggesting a primarily

clastic REE source. However, the coal ash (and

underclay) samples display considerably more varia-

bility in their REE patterns than the shale overburden,

despite the wide range in depositional environments

of the latter. When normalized to the shale over-

burden, most of the coal ash samples display a distinct

heavy rare earth element (HREE) enrichment, reflect-

ing addition of HREE to the coal from some source

other than clastic deposition. Because TREE correlate

poorly with Fe, this addition of HREE does not appear

to be tied to the enrichment of Fe in the mineral

matter. We surmise that the HREE were added and/or

preferentially retained during epigenesis, possibly
associated with groundwater flow through the coal

unit. Although the speciation of REE cannot be

uniquely determined with this study, the complete

lack of correlation of TREE with phosphorus argues

that epigenetic REE-bearing phosphate minerals may

not be the only significant REE host phases. Hence,

the ‘‘excess’’ HREE could be organically bound

within the Lower Kittanning coal. Overall, REE con-

tent and patterns in Lower Kittanning coal ash are not

related in any obvious way to the depositional envi-

ronment of the shale overburden.

The total rare earth element content of Lower

Kittanning coals correlates strongly with Si concen-

tration ([TREE]c 0.0024 [Si]), which provides a

threshold for evaluating possible mixed exposure

health effects. Both the REE and Si appear to be

relatively immobile in coals, so this correlation is

likely to apply to other coal units, with the multi-

plication factor depending on the [TREE]/[Si] of the

clastic source. The distribution of the REE in the

Lower Kittanning coal is related to the mineral matter

content, and the concentrations of REE determined in

the Lower Kittanning coal bed are similar to those

reported by other researchers on other bituminous

coals. The relationship of TREE content to alumino-

silicate and possibly quartz concentrations suggests

that REE will often be associated with respirable dust

particles of these minerals in underground coal mines.

Because the factors controlling silicosis severity in

underground coal mines are not clearly understood

and the composition of respirable quartz dust particles

have been shown to vary and sometimes contain clay,

there is the potential for REE to contribute to a mixed

exposure health risk.
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Bau, M., Möller, P., 1993. Rare earth element systematics of the

chemically precipitated component in Early Precambrian iron

formations and the evolution of the terrestrial atmosphere–hy-

drosphere – lithosphere system. Geochimica et Cosmochimica

Acta 57, 2239–2249.

Bennett, P.C., Melcer, M.E., Seigel, D.I., Hassett, J.P., 1988. The

dissolution of quartz in dilute aqueous solutions of organic acids

at 25 jC. Geochimica et Cosmochimica Acta 52, 1521–1530.

Boar, P.L., Ingram, L.K., 1970. The comprehensive analysis of coal

ash and silicate rocks by atomic-absorption spectrophotometry

by a fusion technique. Analyst 95, 124–130.

Bock, R., 1979. A Handbook of Decomposition Methods in Ana-

lytical Chemistry. International Textbook, Glasgow (in German,

translated and revised by I.L. Marr).

Bock, B., McLennan, S.M., Hanson, G.N., 1994. Rare earth ele-

ment redistribution and its effects on the neodymium isotope

system in the Austin Glen Member of the Normanskill Forma-

tion, New York, USA. Geochimica et Cosmochimica Acta 58,

5245–5253.

Bragg, L.J., Oman, J.K., Tewalt, S.J., Oman, C.L., Rega, N.H.,

Washington, P.M., Finkelman, R.B., 1997. U.S. Geological Sur-

vey Coal Quality (COALQUAL) Database: Version: 2.0. Open

File Report 97-134, CD-ROM.

Brenner, I.B., Watson, A.E., Russell, G.M., Gonclaves, M., 1980. A

new approach to the determination of the major and minor

constituents in silicate and phosphate rocks. Chemical Geology

28, 321–330.
Brooks, J.D., Smith, J.W., 1967. The diagenesis of plant lipids

during the formation of coal, petroleum, and natural gas I:

changes in the n-paraffin hydrocarbons. Geochimica et Cosmo-

chimica Acta 31, 2389–2397.

Busch, R.M., Rollins, H.B., 1984. Correlation of Carboniferous

strata using a hierarchy of transgressive– regressive units. Geol-

ogy 12, 471–474.

Byrne, R.H., Kim, K.-H., 1990. Rare earth element scavenging in

seawater. Geochimica et Cosmochimica Acta 54, 2645–2656.

Calder, J.H., 1993. The evolution of ground-water-influenced West-

phalian B peat-forming ecosystem in a piedmont setting: the No.

3 seam, Springhill Coalfield, Cumberland Basin, Nova Scotia. In:

Cobb, J.C., Cecil, C.B. (Eds.), Modern and Ancient Coal Form-

ing Environments. GSA Special Paper, vol. 286, pp. 153–180.

Cecil, C.B., 1990. Paleoclimate controls on stratigraphic repetition

of chemical and silicate rocks. Geology 18, 533–536.

Cecil, C.B., Stanton, R.W., Allshouse, S.D., Finkelman, R.B., 1978.

Geologic controls on mineral matter in the Upper Freeport coal

bed. Proceedings of Symposium on Coal Cleaning to Achieve

Energy and Environmental Goals, vol. 1. US Environmental

Protection Agency, Research Triangle Park, NC, pp. 110–125.

Cecil, C.B., Stanton, R.W., Neuzil, S.G., Dulong, F.T., Ruppert,

L.F., Pierce, B.S., 1985. Paleoclimate controls on late Paleozoic

sedimentation and peat formation in the Central Appalachian

Basin, USA. International Journal of Coal Geology 5, 195–230.

Collinson, M.E., Scott, A.C., 1987. Implications of vegetational

change through the geological record on models for coal form-

ing environments. In: Scott, A.C. (Ed.), Coal and Coal-Bearing

Srata: Recent Advances. Special Publication-Geological Society

of London, vol. 32, pp. 67–85.

Cope, M.J., Chaloner, W.G., 1985. Wild fire: an interaction of bio-

logical and physical processes. In: Tiffney, B.H. (Ed.), Geolog-

ical Factors and the Evolution of Plants. Yale University Press,

New Haven, pp. 257–277.

Das, T., Sharma, A., Talukder, G., 1988. Effects of lanthanum in

cellular systems: a review. Biological Trace Element Research

18, 201–228.

Deng, J.F., Sinks, T., Elliott, L., Smith, D., Singal, M., Fine, L.,

1991. Characterization of respiratory health and exposures at a

sintered permanent magnet manufacturer. British Journal of In-

dustrial Medicine 48, 609–615.

DiMichele, W.A., Phillips, T.L., 1994. Paleobotanical and paleoe-

cological constraints on models of peat formation in the Late

Carboniferous of Euramerica. Palaeogeography, Palaeoclimatol-

ogy, Palaeoecology 106, 39–90.

Dodgson, J.G., Hadden, G.G., Jones, C.O., Walton, W.H., 1971.

Characteristics of the airborne dust in British coal mines. In:

Walton, H. (Ed.), Inhaled Particles III. Unwin Brothers, Surrey,

England, pp. 757–781.

Eble, C.F., Grady, W.C., 1990. Paleoecological interpretations of a

Middle Pennsylvanian coal bed in the central Appalachian Ba-

sin, USA. International Journal of Coal Geology 16, 255–280.

Eble, C.F., Grady, W.C., 1993. Palynological and petrographic char-

acteristics of two middle Pennsylvanian coal beds and a prob-

able modern analogue. In: Cobb, J.C., Cecil, C.B. (Eds.),

Modern and Ancient Coal Forming Environments. GSA Special

Paper, vol. 286, pp. 119–138.



S.J. Schatzel, B.W. Stewart / International Journal of Coal Geology 54 (2003) 223–251 249
Eble, C.F., Hower, J.H., 1995. Palynologic, petrographic and

geochemical characteristics of the Manchester coal bed in

eastern Kentucky. International Journal of Coal Geology 27,

249–278.

Eble, C.F., Greb, S.F., Martino, R.L., 2002. Upper and Middle

Pennsylvanian Stratigraphy, Sedimentology and Coal Geology

in Eastern Kentucky. Field trip associated with 2002 Joint meet-

ing of the North-Central Section and the Geological Society of

America, Lexington, Kentucky.

Elderfield, H.G., Greaves, M.J., 1982. The rare earth elements in

seawater. Nature 296, 214–219.

Elderfield, H., Upstill-Goddard, R., Sholkovitz, E.R., 1990. The

rare earth elements in rivers, estuaries, and coastal seas and their

significance to the composition of ocean waters. Geochimica et

Cosmochimica Acta 54, 971–991.

Eskenazy, G.M., 1987. Rare earth elements and yttrium in litho-

types of Bulgarian coals. Organic Geochemistry 11, 83–89.

Eskenazy, G.M., 1999. Aspects of the geochemistry of rare earth

elements in coal: an experimental approach. International Jour-

nal of Coal Geology 38, 285–295.

Fee, J.A., Gaudette, H.E., Lyons, W.B., Long, D.T., 1992. Rare

earth element distribution in Lake Tyrell groundwaters, Victoria,

Australia. In: Lyons, W.B., Long, D.T., Herczeg, A.L, Hines,

M.E. (Eds.), Geochemistry of Acid Groundwater Systems.

Chemical Geology, vol. 96, pp. 67–93.

Ferm, J.C., 1970. Allegheny deltaic deposits. In: Morgan, J.P. (Ed.),

Deltaic Sedimentation: Modern and Ancient. SEPM Special

Publication, vol. 15, pp. 246–255.

Finkelman, R.B., 1982. The origin occurrence, and distribution of

the inorganic constituents in low rank coals. Proceedings of the

Basic Coal Science Workshop. US Department of Energy, Hous-

ton, TX, pp. 69–90.

Greb, S.F., Eble, C.F., Hower, J.C., 1999. Depositional history of

the Fire Clay coal bed (Late Duckmantian), eastern Kentucky,

U.S.A. International Journal of Coal Geology 40, 255–280.

Gromet, P.L., Dymek, R.F., Haskin, L.A., Kortev, R.L., 1984. The

North American shale composite: its compilation, major and

minor trace element characteristics. Geochimica et Cosmochi-

mica Acta 48, 2469–2482.

Hales T.R., Burr, G.A., 1989. HHE Report No. HETA-88-166-

1944, Hoeganaes Magnetic Materials. Rancocas, New Jersey.

NIOSH.

Haley, P.J., 1991. Pulmonary toxicity of stable and radioactive lan-

thanides. Health Physics 61, 809–820.

Hanson, G.N., 1980. Rare earth elements in petrogenetic studies of

igneous systems. Annual Review of Earth and Planetary Scien-

ces 8, 371–406.

Harrison, J.C., Brower, P.S., Attfield, M.D., Doak, C.B., Keane,

M.J., Grayson, R.L., Wallace, W.E., 1997. Surface composition

of respirable silica particles in a set of U.S. anthracite and

bituminous coal mine dusts. Journal of Aerosol Science 28,

689–696.

Hicks, D., Nagelschmidt, G., 1943. Special Report of the Service

Medical Research Council 244, 153–186.

Hirano, S., Suzuki, K., 1996. Exposure, metabolism and toxicity of

rare earths and related compounds. Environmental Health Per-

spectives 104, 85–95.
Hower, J.C., Ruppert, L.F., Eble, C.F., 1999. Lanthanide, yttrium

and zirconium anomalies in the Fire Clay coal bed, Eastern

Kentucky. International Journal of Coal Geology 39, 141–153.

Ingamells, C.O., 1966. Absorptiometric methods in rapid silicate

analysis. Analytical Chemistry 38, 1228–1234.

Ingamells, C.O., 1970. Lithium metaborate flux in silicate analysis.

Analytica Chimica Acta 52, 323–334.

International Committee on Coal and Organic Petrology (ICCP),

1995. Vitrinite Classification: ICCP System, 1994. Interna-

tional Committee for Coal and Organic Petrology. Aachen,

Germany.

Jarvis, K.E., 1990. A critical evaluation of two sample preparation

techniques for low-level determination of some geologically

incompatible elements by inductively coupled plasma-mass

spectrometry. Chemical Geology 83, 89–103.

Jarvis, I., Jarvis, K.E., 1992. Inductively coupled plasma-atomic

emission spectrometry in exploration geochemistry. Journal of

Geochemical Exploration 44, 139–200.

Jha, A.M., Singh, A.C., 1995. Clastogenicity of lanthanides: induc-

tion of chromosomal aberration in bone marrow cells of mice in

vivo. Mutation Research 341, 193–197.

Joeckel, R.M., 1995. Paleosols below the Ames marine unit (Upper

Pennsylvanian, Conemaugh Group) in the Appalachian Basin,

U.S.A.: variability on an ancient depositional landscape. Journal

of Sedimentary Research A65, 393–407.

Johannesson, K.H., Farnham, I.M., Guo, C., Stetzenbach, K.J.,

1999. Rare earth element fractionation and concentration varia-

tions along a groundwater flow path within a shallow, basin-fill

aquifer, southern Nevada, USA. Geochimica et Cosmochimica

Acta 63, 2697–2708.

Karacki, S.S., Corcoran, F.L., 1973. Coal ash analysis with an argon

plasma excitation source. Applied Spectroscopy 27, 41–42.

Mariano, A.N., 1989. Economic geology of rare earth minerals. In:

Lipin, B.R., McKay, G.A. (Eds.), Geochemistry and Mineralogy

of Rare Earth Elements. Mineralogical Society of America Re-

views in Mineralogy, vol. 21, pp. 309–334.

McDonald, J.W., Ghio, A.J., Sheehan, C.E., Bernhardt, P.F., Roggli,

V.L., 1995. Rare earth (cerium oxide) pneumoconiosis: analyt-

ical scanning electron microscopy and literature review. Modern

Pathology 8, 859–865.

McLennan, S.M., 1989. Rare earth elements in sedimentary rocks:

influence of provenance and sedimentary processes. In: Lipin,

B.R., McKay, G.A. (Eds.), Geochemistry and Mineralogy of

Rare Earth Elements. Mineralogical Society of America Reviews

in Mineralogy, vol. 21, pp. 169–200.

Mezentseva, N.V., Mogilevskaya, O.Ya., Roshchina, T.A., 1964.

Data on the effect of oxides of the rare earth metals on the

organism. Hygiene and Sanitation 29, 126–132.

Mogilevskaya, O.Y., Raikhlin, N.T., 1963. The rare earth ele-

ments. In: Israel’son, Z.I. (Ed.), Toxicology of Rare Metals,

Gosudarstvannoe Izdatel’stvo Meditsinskoi Literatury, Mos-

cow, pp. 195–208 (in Russian, translated by I. Campbell).

Nakamura, Y., Tsumura, Y., Tonogai, Y., Shibata, T., Ito, Y., 1997.

Differences in behavior among the chlorides of seven rare earth

elements administered to rats. Fundamental and Applied Toxi-

cology 37, 106–116.

Nance, W.B., Taylor, S.R., 1976. Rare earth element patterns and



S.J. Schatzel, B.W. Stewart / International Journal of Coal Geology 54 (2003) 223–251250
crustal evolution: 1. Australian post-Archean sedimentary rocks.

Geochimica et Cosmochimica Acta 40, 1539–1551.

Nath, B.N., Bau, M., Rao, B.R., Rao, Ch.M., 1997. Trace and rare

earth elemental variation in Arabian Sea sediments through a

transect across the oxygen minimum zone. Geochimica et Cos-

mochimica Acta 61, 2375–2388.

Pairon, J.C., Roos, F., Sebastien, P., Chemak, B., Abdalsamad, I.,

Bernaudin, J.F., Bignon, J., 1995. Biopersistence of cerium in

human respiratory tract and ultrastructural findings. American

Journal of Industrial Medicine 27, 349–358.

Palasz, A., Czekaj, P., 2000. Toxicological and cytophysiological

aspects of lanthanides action. Acta Biochimica Polonica 47,

1107–1114.

Palmer, C.A., Lyons, P.C., Brown, Z.A., Mee, J.S., 1990. The use of

trace element concentrations in vitrinite concentrates and com-

panion whole coals (hvA bituminous) to determine organic and

inorganic associations. GSA Special Paper 248, 55–62.

Papp, A.R., Hower, J.C., Peters, D.C. (Eds.), 1998. Atlas of Coal

Geology. AAPG Studies in Geology, vol. 45. CD-ROM.

Pierce, B.S., Stanton, R.W., Eble, C.W., 1991. Facies development

in the Lower Freeport coal bed, west-central Pennsylvania,

U.S.A. International Journal of Coal Geology 18, 17–43.

Puglio, D.G., Iannacchione, A.T., 1979. Geology, mining and meth-

ane content of the Freeport and Kittanning coalbeds in Indiana

and surrounding counties, PA. U.S. Bureau of Mines Report of

Investigations 8406.

Ran, Y., Liu, Z., 1999. Contents and distribution of rare earth ele-

ments in main types of soil in China. Journal of Rare Earths 17,

213–217.

Rimmer, S.M., 1991. Distributions and associations of selected trace

elements in the Lower Kittanning seam, western Pennsylvania,

U.S.A. International Journal of Coal Geology 17, 189–212.

Rimmer, S.M., Davis, A., 1986. Geologic controls on the inorganic

composition of the Lower Kittanning Coal Seam. In: Vorres,

K.S. (Ed.), Mineral Matter in Coal. American Chemical Society

Symposium Series, vol. 301, pp. 41–51.

Rimmer, S.M., Davis, A., 1988. The influence of depositional en-

vironments on coal petrographic composition of the Lower Kit-

tanning seam, western Pennsylvania. Organic Geochemistry 12,

375–387.

Ruettner, J.P., Spycher, M.A., Vogt, P., 1990. Lung fibrosis associ-

ated with rare earth exposure. Proceedings of the VIIth Interna-

tional Pneumoconioses Conference. DHHS (NIOSH) Publica-

tion, vol. 90–108 Part II, pp. 1087–1088.

Ruppert, L.F., Neuzil, S.G., Cecil, C.B., Kane, J.S., 1993. Inorganic

constituents from samples of a domed and lacustrine peat, Su-

matra, Indonesia. In: Cobb, J.C., Cecil, C.B. (Eds.), Modern and

Ancient Coal Forming Environments. Geological Society of

America Special Paper, vol. 286, pp. 83–96.

Schatzel, S.J., Stewart, B.W., 2000. Coal mineral matter origin and

provenance: a neodymium isotope study of the Lower Kittan-

ning Coal Bed, western Pennsylvania. Abstracts and Program,

GSA Annual Meeting, Boulder, CO, p. A82.

Schopf, J.M., 1960. Field description and sampling of coal beds.

U.S. Geological Survey Bulletin 1111-B.

Scott, A.C., 1989. Observation on the nature and origin of fusain.

In: Lyons, P.C., Alpern, B. (Eds.), Peat and Coal: Origin Facies
and Depositional Models. International Journal of Coal Geol-

ogy, vol. 12, pp. 443–475.

Shalgonova, I.V., 1967. Hygienic features of the production of rare

metal fluorides. Hygiene and Sanitation 32, 343–347.

Shimada, H., Nagono, M., Funkoshi, T., Kojima, S., 1996. Pulmo-

nary toxicity of systemic terbium chloride in mice. Journal of

Toxicology and Environmental Health 48, 81–92.

Sholkovitz, E.R., 1993. The geochemistry of rare earth elements in

the Amazon River estuary. Geochimica et Cosmochimica Acta

57, 2181–2190.

Sholkovitz, E.R., Shen, G.T., 1995. The incorporation of rare earth

elements in modern coral. Geochimica et Cosmochimica Acta

59, 2749–2756.

Singal, M., Tharr, D.G., 1980. HHE Report No. HHE-79-110-700,

Globe Metallurgical, A Division of Interlake, Inc., Beverly,

Ohio, NIOSH.

Spiker, E.C., Pierce, B.S., Bates, A.L., Stanton, R.W., 1994. Iso-

topic evidence for the source of sulfur in the Upper Freeport

coalbed (west-central Pennsylvania, U.S.A.). Chemical Geology

114, 115–130.

Stach, E., Mackowsky, M.-Th., Teichmüller, M., Taylor, G.H.,

Chandra, D., Teichmüller, R., 1982. Stach’s Textbook of Coal

Petrology. Gebrüder Borntraeger, Berlin. 535 pp.

Sulotto, F., Romano, C., Berra, A., Botta, C., Rubino, G.F., Sab-

bioni, E., Pietra, R., 1986. Rare earth pneumoconiosis: a new

case. American Journal of Industrial Medicine 9, 567–575.

Teichmüller, M., 1989. The genesis of coal from the viewpoint

of coal petrology. International Journal of Coal Geology 12,

1–87.

Totland, M., Jarvis, I., Jarvis, K., 1992. An assessment of the dis-

solution techniques for the analysis of geological samples by

plasma spectrometry. Chemical Geology 95, 35–62.

Vance, D., Burton, K., 1999. Neodymium isotopes in planktonic

foraminifera: a record of the response of continental weathering

and ocean circulation rates to climate change. Earth and Plane-

tary Science Letters 173, 365–379.

Wallace, W.E., Harrison, J.C., Grayson, R.L., Keane, M.J., 1994.

Aluminosilicate surface contamination of respirable quartz par-

ticles from coal mine dusts and clay works dusts. Inhaled Par-

ticles 7, 439–446.

Williams, E.G., 1957. Stratigraphy of the Allegheny series in the

Clearfield Basin. PhD Thesis, The Pennsylvania State Univer-

sity, State College, PA.

Williams, E.G., 1960. Marine and fresh water fossiliferous beds in

the Pottsville and Allegheny Groups of western Pennsylvania.

Journal of Paleontology 34, 908–922.

Willett, J.C., Finkelman, R.B., Mroczkowski, S., Palmer, C.A.,

Kolker, A., 2000. Semi-quantitative determination of the modes

of occurrence of elements in coal: results from an international

round robin project. In: Davidson, R.M. (Ed.), Modes of Occur-

rence of Trace Elements in Coal. Reports from an International

Collaborative Programme. IEA Coal Research, London, UK.

CD-ROM.

Worrall, F., Pearson, D.G., 2001. Water – rock interaction in an

acidic mine discharge as indicated by rare earth element pat-

terns. Geochimica et Cosmochimica Acta 65, 3027–3040.

Yang, J.-H., Zhou, X.-H., 2001. Rb-Sr, Sm-Nd, and Pb isotope



S.J. Schatzel, B.W. Stewart / International Journal of Coal Geology 54 (2003) 223–251 251
systematics of pyrite: implications for the age and genesis of

lode gold deposits. Geology 29, 711–714.

Zhang, S., Shan, X.Q., Li, F., 2000. Low molecular weight organic

weight acids as extractant to predict plant bioavailability of rare

earth elements. International Journal of Environmental Analyt-

ical Chemistry 76, 283–294.

Zhang, J., Ren, D., Zheng, C., Zeng, R., Chou, C.-L., Liu, J., 2002.

Trace element abundances of major minerals of Late Permian

coals from southwestern Guizhou province, China. International

Journal of Coal Geology 53, 55–64.

Zhong, S., Mucci, A., 1995. Partitioning of rare earth elements
(REEs) between calcite and seawater solutions at 25 jC and 1

atm, and high dissolved REE concentrations. Geochimica et

Cosmochimica Acta 59, 443–453.

Zhou, Y., Bohor, B.F., Ren, Y., 2000. Trace element geochemistry of

altered volcanic ash layers (tonsteins) in Late Permian coal-bear-

ing formations of eastern Yunnan and western Guizhou Provin-

ces, China. International Journal of Coal Geology 44, 305–324.

Zhu, W., Xu, S., Shao, P., Zhang, H., Wu, D., Yang, W., Feng, J.,

1997. Bioelectrical activity of the central nervous system among

populations in a rare earth element area. Biological Trace Ele-

ment Research 57, 71–77.


	Rare earth element sources and modification in the Lower Kittanning coal bed, Pennsylvania: implications for the origin of coal mineral matter and rare earth element exposure in underground mines
	Introduction
	Background
	Rare earth elements in coal
	Potential health problems attributed with REE exposures
	The Lower Kittanning coal

	Methods
	Study sites
	Coal and rock description and sampling procedure
	Proximate and ultimate analysis
	Coal petrography
	Major and minor element analysis
	Rare earth element concentrations

	Results and discussion
	Lower Kittanning coal bed lithotype analysis
	Petrography
	Proximate and ultimate analyses
	Major cation analysis of coal and associated rock units
	Variations in total rare earth element concentration
	Sources and modification of rare earth elements

	Summary and conclusions
	Acknowledgements
	References


